This paper describes the feasibility of using direct current electrical resistivity measurements to evaluate AISI 304 austenitic stainless steel sensitization. ASTM A262 -Practice A and double loop electrochemical potentiodynamic reactivation (DL-EPR) tests were performed to assess the degree of sensitization (DoS) qualitatively and quantitatively, and electrical resistivity (ER) was measured by the four-point direct-current potential drop method. The results indicate that the DoS increases rapidly while the ER decreases gradually in response to increasing sensitization. Thereafter, the two parameters tend to remain approximately constant. This behavior may be due to the rapid increase in the volume fraction of M 23 C 6 precipitates over a sensitization time of 4 to 6 hours, thereafter remaining relatively constant. The ER results, which were corroborated by other techniques used in this study, confirm the promising potential of this property to monitor the sensitization phenomenon in AISI 304 steel.
Introduction
Austenitic stainless steels (ASS) are well known for their high corrosion resistance in various aggressive environments and for their good mechanical properties at high temperatures. These characteristics have led to their widespread industrial use, particularly by the chemical and petrochemical industries, often under severe operating conditions. However, when in service, they are subject to intergranular corrosion resulting from grain boundary precipitation of chromium-rich carbides, particularly M 23 C 6 , at temperatures ranging from 400 to 900 °C [1] [2] [3] . This precipitation reduces the concentration of chromium in the regions adjacent to the grain boundaries to levels below that required for steel to passivate, making them susceptible to intergranular corrosion, i.e., sensitizing them. When exposed to corrosive environments, sensitized ASS undergo dissolution of their chromium-depleted regions, which may lead to intergranular corrosion 4, 5 . Sensitization in industrial components made of ASS impairs their structural integrity, rendering their operation unsafe. Periodic inspections are therefore necessary to evaluate the degradation of these components, particularly for the early detection of a problem long before it can worsen. To this end, it is important to determine the conditions under which sensitization occurs, using various and preferably non-destructive testing methods to obtain technical information for the optimization of maintenance and component replacement management, thereby preventing the occurrence of accidents.
The techniques most commonly employed to assess the DoS of stainless steel components, which can become sensitized after their manufacture or in service, are the DL-EPR test proposed by Akashi et al. 6 and the oxalic acid etch test specified by ASTM A262 -Practice A 7 . Some alternatives for fast reliable non-destructive testing have been proposed to evaluate the effects of aging in stainless steel. Ortiz et al. 8 measured thermoelectric voltage to determine the DoS of duplex stainless steel. Shaikh et al. 9 applied the eddy current testing technique to assess and quantify the DoS and intergranular corrosion in thermally aged AISI 316 stainless steel. Wasnik et al. 1 conducted a detailed study to identify different stages of precipitation in 316L ASS, using electrical resistivity measurements associated with differential scanning calorimetry and transmission electron microscopy.
Electrical resistivity measurements can be used to assess ASS sensitization, since this property also varies as a function of microstructural factors such as solute atoms, size and volume fraction of precipitates and dislocations, thus making it potentially interesting for monitoring components during service and/or machine downtime. It has been shown that although ER variations in degraded Cr-Mo-V steels are less than a few micro-ohms per cm, they are detectable 10, 11 . A reduction in ER may indicate precipitation, since the ER of a solid solution decreases in response to the depletion of solute elements, except in coherent precipitation (Guinier-Preston zones or pre-precipitate solute clusters), which increases ER 15 . In this work, the ER was measured by the four-point direct-current potential drop method [16] [17] [18] [19] . This method consists in applying a constant current between two probes and measuring the voltage between two others. The probes can be arranged in different ways 17, 19, 20 . The most common way is to arrange them inline and equidistantly on a flat surface of the material, as was done here. A current is then injected into the material through the two outer probes, and the resulting electric potential is measured across the inner pair 18, 19 . The potential, v, is a function of the ER, ρ, the distance between the probes, s, and the current flowing through the probes, i. Based on the relative magnitudes of the sample thickness (w) and the spacing between probes, resistivity is calculated as follows:
where C is equal to 2πs, for w » s, and πw/ln2, for w « s. Equation 1 is derived from the limit assumptions for thick and thin samples. Outside these limit situations, errors in resistivity measurements due to dimensional constraints do in fact occur, so a geometric correction factor K should be used 19 .
This work involved an investigation of the sensitization of a commercial AISI 304 steel treated at various temperatures and for different times, based on electrical resistivity measurements. Chemical and electrochemical techniques were also applied to obtain experimental measurements independent of the sensitization process, in order to validate the resistivity measurements.
Experimental

Material and preparation of samples
The material investigated here was AISI 304 austenitic stainless steel, which is widely used in the petrochemical industry and commercially available in 5 mm thick plates. Its chemical composition, which was determined by optical emission spectroscopy, was 0.08 wt.%C-1.1 wt.%Mn-0.79 wt%Si-8.00 wt.%Ni-18.00 wt.%Cr. Samples with dimensions of 30 mm × 40 mm were cut from a plate. Non-heat-treated samples were identified as "as-received" (AR). Fifteen AR samples were subjected to sensitization treatment at temperatures of 600, 800 and 900 °C for 1, 2, 4, 6 and 12 hours, and were identified as "sensitized" (SE). To eliminate any residual sensitization in the as-received material, an AR sample was solution heat-treated at 1200 °C for 1 hour and was labeled "solubilized" (SO). All the samples were immediately quenched in water after undergoing heat treatment.
Microstructural characterization
The DoS of all the samples was determined qualitatively by metallographic analysis, according to ASTM A 262 -Practice A 7 .
The samples surfaces were sanded with 180, 240, 400 and 600 grit sandpaper and polished with 1.0 µ alumina (Al 2 O 3 ). An area of 1 cm 2 on each sample was etched electrolytically with a solution of 10% (in weight) oxalic acid at a current density of 1 A/cm 2 for 1.5 min, then cleaned and examined by optical microscopy. According to this standard, the microstructures thus obtained can be classified into three types: "step" structure, when there are no ditches at the grain boundaries; "dual" structure, when there are some ditches at the grain boundaries but no grains completely surrounded by ditches; and "ditch" structure, with one or more grains completely surrounded by ditches.
Double loop electrochemical potentiodynamic reactivation (DL-EPR) tests
The susceptibility of AISI 304 steel to intergranular attack was evaluated quantitatively based on DL-EPR tests performed at room temperature (~28 °C) in a conventional three-electrode electrochemical cell with Pt foil as the auxiliary electrode and a saturated calomel electrode (SCE) as the reference electrode. The electrolytic solution was 0.5M H 2 SO 4 + 0.01M KSCN. The working electrode was made of AISI 304 samples with an exposed surface area of 1 cm 2 . After the quasi-steady state open circuit potential (E oc ) was reached (about 30 minutes), the potential was swept in the anodic direction up to 0.3 V (vs. SCE) at 1 mVs -1 and then scanned back to the E oc . The DL-EPR test was repeated at least four times on each sample to ensure its reproducibility. Prior to each test, the working electrodes were sanded successively with a series of sandpapers of up to 600 grit, then polished, degreased with water and alcohol, and dried in hot air. The DoS (or intensity of sensitization) was evaluated based on the Ir/Ia ratio, where Ia and Ir represent the anodic and reverse peak currents, respectively [2] [3] [4] 6, 21, 22 .
Resistivity measurements
The electrical resistivity of all the samples was measured at a constant temperature of 28.0 ± 0.5 °C, using the four-point direct-current potential drop method 10, 19 . The experimental setup consisted of four equidistant and collinear probes (the two outer probes supply current and the two inner ones measure voltage), a constant current source and a voltage meter. The probes, which were spaced 2.0 mm apart, and were lodged at the center of the samples, parallel to the length, during the measurements. The current used in these tests was 1.0 A, and during the measurements its polarity was alternated to minimize measurement errors caused by thermal electromotive force 10 . Resistivity was calculated based on the average voltage of ten measurements, using Equation 3, derived from Equation 2,
where K was substituted for w, F 1 and F 2 , the latter two being correction factors of the sample's width and thickness, respectively 19, 23 .
Results and Discussion
Tests to check the structure according to ASTM A262 -Practice A were applied to classify the DoS qualitatively, and the results of these tests were then correlated with the values of the DL-EPR and ER parameters. typically austenitic structure with extensive deformation twinning, indicated by the arrows (1), were classified as "step" structures [see Figure 1a ]. The SE samples treated at 900 °C for 2 and 6 hours present a dual structure due to the discontinuous precipitation of M 23 C 6 carbide at the grain boundaries [see Figure 1b ]. The arrows (2) indicate the occurrence of intergranular corrosion in parts of the grain boundaries resulting from the electrolytic attack due to the existence Cr-depleted regions. All the other SE samples show a ditch structure due to the continuous precipitation of M 23 C 6 at the grain boundaries [see Figure 1c ]. The inset (3) shows a severely etched grain boundary. Table 1 summarizes the types of structures found in this study.
The Ir/Ia ratio was used as a parameter to evaluate the DoS in the DL-EPR tests. Figure 2 shows curves of AR and SE samples obtained in these tests performed at 600 and 900 °C for 2 hours. The anodic polarization curves exhibit a similar behavior in each situation, with Ia values of 600 to 700 μA. However, after reversing the direction of the curve, i.e., the reactivation curve, the maximum current (I R ) values differ considerably. The lower this value the lower the DoS, which is in agreement with results reported in the literature 8, 22, 24 . Table 1 summarizes the DoS found for each tested condition, while Figure 3 illustrates the behavior of DoS as a function of time at each temperature.
As can be seen in Table 1 and Figure 3 , the DoS of the AR sample (0 h) showed the lowest value. Also note that the DoS showed a rapid increase over time up to about 2-4 h, thereafter tending to remain approximately constant. This decrease in the DoS growth rate after a sharp initial increase is reported in the literature, and is usually attributed to the desensitization caused by the diffusion of Cr from chromium-rich to chromium-depleted regions 2, 22, 24 . According to Majidi & Streicher 25 , DoS values in the range of 0.0001 to 0.001 are associated with the step structure, while values ranging from 0.001 to 0.05 are attributed to the dual structure, and values higher than 0.05 to the ditch structure. The results in Table 1 indicate that the classifications of the structures and DoS fall within the aforementioned ranges, i.e., the DoS of the structure classified as step was Behavior of DoS as a function of sensitization time at 600, 800 and 900 °C 0.001, that of the dual structure ranged from 0.040 to 0.051, and that of the ditch structure varied from 0.055 to 0.570. A comparison of these values with data reported in the literature obtained under similar heat treatment conditions and with DL-EPR tests indicated that the values of this study were relatively higher, possibly because the carbon content of the steel used here was about twice as high 2, 26, 27 . In Figure 3 , note that the DoS decreased in the range of 600-900 °C in response to increasing temperature. In stainless steel, the precipitation of M 23 C 6 carbides is kinetically favored over other phases, and in fact is virtually inevitable, occurring between about 400 and 900 °C. These precipitates may dissolve when exposed to longer aging times, giving rise to MC-type carbides and intermetallic phases such as sigma phase, which are more stable and contain less chromium, thus reducing sensitization 28, 29 . The results depicted in Figure 3 indicate that M 23 C 6 precipitation, or sensitization, within the temperature range of this study, reaches its highest intensity at 600 °C, rendering the material highly susceptible to intergranular corrosion. Table 1 lists the values of electrical resistivity, while Figure 4 illustrates its variation as a function of sensitization time at temperatures of 600, 800 and 900 °C. These results indicate that ER decreases over time and increases in response to increasing sensitization temperature.
The samples used in this study started with the same initial composition. However, after undergoing sensitization treatment, depending on the treatment time and temperature, the volumetric fraction of their precipitates showed variations. Since the ER measurements were taken at room temperature, we believe that only Cr 23 C 6 precipitation in these samples, in different sensitization conditions, would have a significant effect on ER.
Electrical resistivity is sensitive to microstructural factors such as the concentration of voids and solute, and the size and volume fraction of precipitates. This sensitivity is due to the fact that these factors give rise to higher or lower scattering of conduction electrons, and is strongly dependent on the magnitude of these factors and on the mean free path of conduction electrons. ER increases when alloying elements dissolve in solid solution and decreases when they precipitate in the matrix 1, [12] [13] [14] 30 , except for coherent precipitation, which involves increased ER 1, 13, 15 . The results shown in Figure 4 and Table 1 justify the assumption that, at a given sensitization temperature, the volume fraction of precipitates increases rapidly (or the concentration of alloying elements in solution decreases) as a function of sensitization time of up to about 4-6 hours, thereafter remaining approximately constant. This statement is corroborated by the aforementioned DL-EPR results. The initial behavior of both DoS and ER (see Figures 3 and 4) can be attributed to the increase in the volume of chromium-rich carbide precipitates. On the other hand, the final behavior has generally been attributed to increasing Cr diffusivity, and in the case of relatively long times, to the appearance of more stable phases which contain less chromium, favoring the partial restoration of the concentration of chromium in solution, which is necessary for passivation to occur.
An analysis of the effect of the sensitization temperature on the ER results allows for the inference that the volume fraction of precipitates decreases in response to increasing temperature, a finding that is corroborated by the aforementioned DL-EPR test results. This is due to a decrease in the reaction kinetics of the formation of Cr 23 C 6 carbides outside the interval of 600 to 700 °C 4, 28, 29 .
These results indicate the promising potential of using ER measurements to evaluate sensitization in austenitic stainless steels. However, a greater number of measurements taken under a variety of conditions are required to correlate ER and DoS mathematically, as well as other parameters.
Conclusions
The results of this study led to the following conclusions:
• The DoS increased in response to decreasing sensitization temperature, while the ER decreased in the range of 600 to 900 °C, probably due to the increase in the volume fraction of M 23 C 6 precipitates.
• The DoS increased rapidly while the ER decreased over sensitization time, after which they tended to remain approximately constant. This behavior was probably due to the rapid increase in volume fraction of precipitates over a sensitization time of up to 4-6 hours, which thereafter remained approximately constant.
• The ER results, which were confirmed by other techniques used in this study, confirm the promising potential for studies of this property to monitor sensitization phenomena in AISI 304 steel.
